The tilt after-effect (TAE) and tilt illusion (TI) have revealed a great deal about the nature of orientation coding of 1-dimensional (1D) lines and gratings. Comparatively little research however has addressed the mechanisms responsible for encoding the orientation of 2-dimensional (2D) plaid stimuli. A multi-stage model of edge detection has recently been proposed [Georgeson, M. A. (1998) Image & Vision Computing, 16(6-7), 389 -405] to account for the perceived structure of a plaid stimulus that incorporates extraction of the zero-crossings (ZCs) of the plaid. Data is presented showing that the ZCs of a plaid inducing stimulus can interact with vertical grating test stimulus to induce a standard tilt illusion. However, by considering the second-order structure of a plaid rather than ZCs, it was shown that the perceived orientation of the vertical test grating results from the combination of orientation illusions due to the first-and second-order components of an inducing plaid. The data suggest that the mechanisms encoding the orientation of second-order contours are similar to, and interact directly with, those that encode first-order contours.
Introduction
Efficient coding of the oriented contours defining an object is considered to be one of the fundamental computational tasks executed by the visual cortex. A number of early neurophysiological studies revealed orientation and spatial frequency selectivity to be two remarkable features of cortical representations of the visual world (Hubel & Wiesel, 1959 , 1962 De Valois, Yund, & Hepler, 1982) . Combined with numerous studies of orientation, spatial frequency and contrast perception, the neurophysiological data have led to psychophysical models of the visual system promoting a multiple channel based view of visual processing, with these models often heavily influenced by the concepts of linear systems theory (Braddick, Campbell, & Atkinson, 1978; Wilson, 1991) . According to the channel based view, local linear filtering of the retinal image by the visual cortex is analogous to the execution of a spatial Fourier analysis of patches of the visual scene (Daugman, 1984) .
As noted by Meese and Georgeson (1996b) , much evidence for the channel hypothesis is derived from psychophysical studies of orientation misperception. After adapting to a tilted grating, subsequent presentation of a vertical test grating results in the apparent rotation of the test grating away from the orientation of the adapting grating. This tilt after-effect (TAE) is plausibly explained by a shift in the peak of excitation of the population of neurons optimally tuned to vertical away from the orientation of the adapting stimulus (Campbell & Maffei, 1971; Coltheart, 1971; Tolhurst & Thompson, 1975; Levine & Grossberg, 1976; Wenderoth, van der Zwan, & Johnstone, 1989b) . In the case of the simultaneous tilt illusion (TI), the orientation repulsion of a vertical test grating away from a tilted inducing grating is considered as a peak shift due to lateral inhibitory interactions amongst populations of orientation tuned neurons (Blakemore, Carpenter, & Georgeson, 1970; Carpenter & Blakemore, 1973) . While psychophysical investigations of the TAE and TI have revealed a great deal about the nature of orientation coding by the visual system, the studies have typically employed 1-dimensional (1D) sinusoidal test and inducing gratings. In this paper the effect of 2-dimensional (2D, plaid) inducing stimuli on the perceived orientation of 1D test gratings was investigated in an effort to determine if the nature of the orientation processing mechanisms that encode plaid stimuli are similar to those that encode grating stimuli.
Recently Georgeson (1998) , has suggested that the 'orientation detector' view of the visual system has difficulty accounting for image regions that contain neither gratings nor lines. As a case in point he considers a plaid stimulus constructed from two (or more) oblique component gratings (Fig. 1a) . Rather than a stimulus perceived as having two overlapping oblique gratings, as predicted by a channel-based orientation detector view, one instead observes a coherent checkerboard-like structure. In an experiment in which subjects were asked to mark the position and edges of orientations observed in plaid stimuli, Georgeson and Meese (1997) reported that the perceived structure of the stimuli did not correspond to that of overlapping component gratings. Instead, the reported structure of the plaid was well predicted by the zero-crossings (ZCs) in the output of a circular Laplacian operator of the type proposed by Marr and Hildreth (1980) . To account for the perceived structure of a plaid, Georgeson (1998) proposes a multi-stage model for edge detection by which edge-feature descriptions of the retinal image are obtained via the subservient action of local oriented filters. According to the model then, the oblique components of a plaid are first processed through a bank of locally oriented filters, the outputs of which are then combined (summed) before zero-crossing analysis, at which stage the structure of the plaid is extracted (Fig.  1b) .
A difficulty with the model of edge/feature detection considered by Georgeson (1998) , is that the standard interpretation of the TAE employs the distribution shift of activity across populations of orientation selective neurons. If the orientation of the ZCs of a plaid are not encoded by local linear filters, as the model of Georgeson suggests, then a test plaid (with ZCs oriented vertically and horizontally and component gratings 9 45°from vertical) should not exhibit a conventional TAE. Using a forward masking paradigm, Georgeson reported data showing that a vertical test plaid appeared rotated towards the orientation of a tilted masking grating, rather than away from it as found with a standard TAE. Furthermore, Georgeson demonstrated that a vertical test grating appeared rotated away from the 22.5°counterclockwise (CCW) component of a masking plaid with orthogonal components, rather than away from the orientation of the ZCs at 22.5°clockwise (CW). These results seemed to imply that the ZCs of a plaid do not interact with the orientation of grating stimuli and must be encoded by mechanisms other than oriented filters at a local filtering stage.
There are two points to consider regarding the effects reported by Georgeson (1998) and his arguments regarding the encoding of grating and plaid stimuli. The first is that the perceived orientation of the vertical ZCs of the plaid following masking can be explained by the influence of the tilted masking grating acting on the component gratings of the plaid, rather than on the ZCs directly (Meese & Georgeson, 1996b; Georgeson, 1998) . However, it is possible that the effect of the masking grating on the nearest component grating of the plaid could be stronger than the effect of the masking grating on the line of ZCs. The perceived orientation of the plaid may result from the combined encoding of all orientation information in the stimulus, rather than just the effect of the masking grating on the plaid components.
The second point to consider is that when Wenderoth, van der Zwan & Johnstone (1989a) used an inducing plaid with component gratings oriented at 30°c ounterclockwise (CCW) and 60°CW from vertical, they reported a tilt illusion consistent with the action of the ZC of the plaid oriented at + 15°, although this occurred only at a much longer duration (500 ms) than the 100 ms test employed by Georgeson (1998) . At shorter durations, Wenderoth et al., (1989) reported tilt illusions apparently due to the grating component of the inducing plaid nearest to vertical, consistent with the results obtained by Georgeson. In addition to the presentation duration difference between the two studies, it should be noted that the contrast of the component gratings used by Georgeson was much lower (16%) than in the Wenderoth et al., (1989) study (40%). Meese and Freeman (1995) , and also Georgeson, have re- shown. The line passing through the origin and the centre of the power distribution is known as the carrier frequency while the orientation of the power distribution is known as the beat frequency. From Fleet and Langley (1994) (b) Fourier domain representation of the spatial frequency content of a stationary plaid stimulus with equivalent spatial frequency first-order components oriented at − 30°( Ca) and + 60°(Cb) from vertical. The non-zero power distribution defines the second-order (non-Fourier) component of the plaid oriented at + 15°(---).
CW from vertical, 1 would correspond to the line of ZCs in a plaid discussed by Georgeson. As noted by Fleet and Langley (1994) , the perceptual dominance of the non-Fourier contour only occurs when the spatial frequencies of the component gratings are reasonably close. This is consistent with Georgeson's report that the perceived structure of the plaid when the spatial frequency difference between plaid components was more than 1-1.5 octaves was of the ZCs of the overlapping components of the plaid rather than the ZCs of the compound structure of the plaid.
There is increasing neurophysiological (Peterhans & von-der-Heydt, 1991; Zhou & Baker, 1993; Mareschal & Baker, 1998a) and psychophysical (Chubb & Sperling, 1988; Derrington, Badcock, & Henning, 1993; Lin & Wilson, 1996) evidence for human sensitivity to nonFourier, or second-order, stimuli. In addition there is some evidence for an interaction between the mechanisms that encode the orientation of first-order and second-order contours (Cavanagh, 1989; McOwan & Johnston, 1996; Mareschal & Baker, 1998a; Dakin, Williams, & Hess, 1999) . Wenderoth (1994, 1995) have also shown that TIs and TAEs obtained using one class of second-order stimulus, subjective contours, can be reduced by a spatial manipulation known to reduce TIs and TAEs formed by first-order contours, namely spatial separation between inducing and test stimuli.
If the orientation of the second-order structure in a plaid stimulus is encoded by mechanisms that can interact with those that encode the orientation of first-order stimuli, then one would expect to observe both TAEs and TIs if a plaid inducing stimulus acted upon a vertical test grating. Furthermore, if the second-order structure of the plaid can be shown to have an affect on the perceived orientation of the first-order test, then the spatial manipulations known to reduce first-order tilt illusions may also have an effect on the TAE or TI that results. To address these questions, and the discrepancies between the data of Wenderoth et al. (1989a) and Georgeson (1998) the tilt illusion was investigated on a vertical test grating using a plaid inducing stimulus presented at long duration (500 ms).
General methods

Subjects
Subjects were volunteers from introductory psychology and advanced undergraduate psychology courses. ported a reduction in perceptual combination of the components of plaid stimuli at low contrast levels, although at levels much lower than 16%. Nonetheless, the lower contrast component gratings, in combination with shorter test field presentation time, may be responsible for the discrepancies between the data of Georgeson and Wenderoth et al., (1989) .
Both Wenderoth et al (1989a) and Georgeson (1998) in their discussion of the orientation misperceptions obtained using plaid stimuli failed to consider that a plaid contains both first-order (Fourier) and second-order (non-Fourier) oriented components. Current channel based theories of orientation perception consider that the orientation and spatial frequency of first-order (luminance or colour defined) stimuli, such as the grating components of a plaid, can be represented as a line of power passing through the origin in the frequency domain. Fleet and Langley (1994) demonstrate that when two first-order sinusoidal gratings of similar spatial frequency are summed, the resulting second-order sinusoidal beats have a simple characterisation in the frequency domain if one considers the orientation of local power that does not pass through the origin (Fig.  2a) . This analysis of non-Fourier motion stimuli provided by Fleet and Langley (1994) , can be extended to the case of stationary plaid stimuli. Fig. 2b shows the frequency domain representation of a stationary plaid with Fourier components oriented at 30°CCW and 60°C W from vertical. The figure also shows the orientation of power defining one of the non-Fourier components of the stimulus. This non-Fourier contour, oriented 15°1
It should be noted that another second-order component of the plaid exists and is oriented 75°CCW from vertical. It is expected that the effect of this component on the perceived orientation of the test grating will be small and oppositely directed to the effect of the second-order component oriented at +15°.
All had normal or corrected to normal vision and were naive as to the aims of the experiments. Each experiment was conducted on a different set of 15 or 16 subjects.
Apparatus and stimuli
Stimuli in these experiments were presented on a Silicon Graphics 19 in. colour display monitor with a frame refresh rate of 75 Hz and display resolution of 1280× 1024 pixels interfaced to a Silicon Graphics O2 workstation. Linearisation calibration of the display monitor were made at regular intervals throughout the study using a Tektronix J17 photometer fitted with a 1°n arrow angle luminance head, and colour lookup tables were corrected when necessary. Responses were recorded by using the outer pair of buttons on a three button mouse to indicate whether a central circular 1°d
iameter sine wave test grating appeared to be tilted to the left or right of perceived vertical. Subjects were seated in a darkened laboratory in which all external cues to vertical were removed by attaching a black cardboard mask to the display monitor. The mask presented an 8°-diameter circular viewing aperture. A black cloth was draped over the area between the display and a padded chinrest in which the subjects placed their heads. The chin-rest was located 1.14 m from the display such that 2 cm on the screen subtended 1°of visual angle.
During test conditions in which both inducing and test stimuli were present, an annular 2-D plaid inducing stimulus, formed from the summation of two orthogonal sinewave gratings of the same spatial frequency as the test grating (4 /°), surrounded and abutted the central circular 1°diameter test grating. The thickness of this annulus was 2.5°while the outside diameter was 6°of visual angle. The Michelson contrast for the test grating, defined as (I max − I min )/(I max + I min ), could be set to any one of five values, 0.05, 0.1, 0.2, 0.4, 0.8. When measured on a low frequency square wave grating with the Tektronix J17 1°digital luminance probe, maximum luminance for the 0.8 contrast grating was 61.2 cd/m 2 while its minimum luminance was 6.8 cd/m 2 . The space averaged luminance of this grating was therefore 34 cd/m 2 and the maximum and minimum luminance values of all other gratings were set to have the same space averaged luminance. A 34 cd/m 2 blank field surrounded the inducing field. In all conditions of each experiment, the contrast of the component gratings of the inducing plaid was half that of the test grating such that the peak contrast of the plaid matched the test grating. Throughout the experiments reported here, orientations CW from vertical are signed positive and CCW are signed negative. In all experiments, the orientations of the first-order components of the inducing plaid were − 30 and + 60°. The orientation of the second-order component of the plaid nearest vertical was therefore at + 15° (Fig. 3) .
Following the 500 ms presentation duration of each experimental trial, a 34 cd/m 2 blank field remained present until approximately 3 s after the subject had made a response after which it was replaced by the next experimental trial. A short tone was emitted from the computer immediately prior to stimulus onset to warn subjects of the impending stimulus presentation.
Procedure
In each experiment each subject was tested in a standard repeated measures experimental design. Prior to trials where both test and inducing fields were presented simultaneously (called the test condition), subjects were run under a pretest condition where the test field alone, with the same contrast level of the test condition, was presented and orientation judgements of this field were made. The pretest condition always directly preceded the test condition, to control for any drift in subjective vertical over the experiment. The order of presentation of the levels of the independent variable of each experiment was randomised for each subject. A short, approximately 2 min, rest was given between conditions while results were saved and the parameters for the next condition were set up. The entire session lasted approximately 1 h.
For both pretest and test trials, dual randomly interleaved staircases for test field orientation were randomly started from any position 9 10°from Georgeson (1996a) (also from Georgeson & Meese, 1997) , the perception of the compound structure of the plaid should increase with increasing stimulus contrast. As a result one expected to observe an increase in the magnitude of the tilt illusion due to the second-order structure of the plaid as stimulus contrast increases. The aim of Experiment 1 was to test this prediction by presenting test and inducing stimuli at each of five contrast values spaced by equal logarithmic intervals (0.05, 0.1, 0.2, 0.4, 0.8).
Method
Each subject was tested in a standard repeated measures experimental design with five levels of contrast. Trials were blocked by contrast level so that all pretest and test trials for both inducing orientations were run before the next contrast level was tested. The order of presentation of the levels of contrast was randomised for each subject. A short, approximately 2 min, rest was given between conditions while results were saved and the parameters for the next condition were set up. The entire session lasted approximately 1 h. Sixteen naive subjects were used in this experiment.
Results
The mean illusions and standard errors obtained in Experiment 1 are shown in Fig. 4 . The maximum apparent CCW rotation of the test field (1.05°9 0.35°) occurred at the highest level of plaid contrast while the maximum apparent CW rotation of the test field (− 0.81°90.31°) was observed at the lowest contrast. Fig. 4 shows that there was a clear monotonic increase in the tilt illusion from the lowest to the highest level of contrast. Polynomial linear trend analysis corrected for the unequal separation between levels Gaito (1965) and using error terms from a multivariate analysis of repeated measures data (Hand & Taylor, 1987) proved this increase to be significant (F 1,15 = 17.88, P B0.05, MSE= 1.55) while residual trends were non-significant. At only the highest and lowest contrast levels was the illusion induced significantly different from zero (t 15 = 2.97; PB 0.05 and t 15 = −2.59; PB0.05 respectively).
Discussion
Results from Experiment 1 are consistent with the hypothesis that at low component grating contrast levels, the perceived structure of a plaid tends towards that of overlapping component gratings rather than the compound, chequerboard structure. At low contrast, the results reflect a tilt illusion due to the first-order contour component of the inducing plaid at −30°g ravitational vertical.
Step size was initially 2°and reduced to 1°after the second reversal. Subjects were required to press the left button of a three-button mouse if they perceived the central test grating to be tilted to the left, the right button if the grating was perceived tilting to the right. Staircases were run for eight reversals of decision with the point of subjective vertical (PSV) estimated by averaging the peaks and valleys of the last six. All PSVs to the left of vertical were signed negative and those to the right were signed positive. Magnitude and direction of the orientation illusion was calculated as test PSV minus pretest PSV, such that apparent rotations of the vertical test away from the second-order component of the plaid at + 15°w ere positive. Subjects were instructed to be as accurate as possible in their judgements and to maintain fixation on a small dark spot in the centre of the display during each trial. They were additionally instructed to respond as quickly as possible after the offset of the stimuli.
Experiment 1
The tilt illusion data reported by Wenderoth et al. (1989a) using a high contrast plaid inducer (component gratings at 40% contrast) suggested that there was an interaction between the second-order structure of the plaid and the vertical test grating while the data of Georgeson (1998) suggests that no such interaction should exist. As the contrast of the component gratings for the plaid used by Georgeson (1998) were much lower than those employed by Wenderoth et al., (1989a) , the first experiment aimed to examine the effect of test and inducing stimulus contrast on the magnitude of a tilt illusion obtained using a plaid inducing stimulus. According to data from Meese and rather than that of the second-order contour oriented at + 15°(see Fig. 3 ). As the contrast of the components of the inducing plaid increased, so too did the effect of the second-order component of the plaid oriented at +15°. When the contrast of the plaid components was sufficiently high, a significant tilt illusion was observed where the orientation of the test appeared to be rotated away from this second-order component. Although the effect of the first-order component of the plaid oriented at − 30°may still be operating at higher contrast levels, it is possible that the oppositely directed effect of the second-order contour at + 15°may be greater. These results extend those of Georgeson (1998) who only reported a perceptual repulsion of a vertical test grating away from the nearest to vertical first-order component of a − 22.5°/+67.5°masking plaid.
While the data from Experiment 1 are consistent with action of the second-order component of the plaid at higher contrasts, an alternate possibility exists. Both Henning, Hertz, and Broadbent (1975) and Nachmias and Rogowitz (1983) have demonstrated strong masking effects between contrast modulated (second-order) sinusoidal gratings and sinusoids of the same spatial frequency as the contrast modulation. The analysis of these results by both Henning et al. (1975) and Nachmias and Rogowitz considered nonlinear 'distortion products' of the visual systems as a possible cause of the interaction between luminance gratings and contrast modulations. Furthermore, Derrington and Henning (1989) note when two sinusoidal gratings that have the same spatial frequency and contrast are summed (as are the component gratings of the inducing plaid), distortion products can be generated at an orientation half-way between those of the component gratings. It is therefore possible that the apparent effect of the second-order component of the inducing plaid oriented at + 15°may instead reflect the action of a first-order artefact introduced by distortion products. This first-order artefact will also be aligned 15°CW from vertical.
As Cropper (1998) notes, one problem faced by proponents of the distortion product account of the detection of contrast modulation signals is that the signal strength of distortion products is often too low to be effective. Using a nulling technique to measure the effective contrast of the distortion product in a contrast modulated pattern, Scott-Samuel and Georgeson (1999) have shown that even when the peak contrast of an amplitude modulated grating was high (76.4%), the effective contrast of the distortion product was no greater than 2%. It has been shown in previous work (Smith & Wenderoth, 1999) that when an annular, low contrast (2%) inducing grating oriented 15°CW from vertical surrounds a circular high contrast (80%) test grating, the repulsion effect observed (0.58°90.20°) is significantly smaller than when test and inducing gratings are at the same contrast (1.8°9 0.49°). As the highest contrast of the plaid in Experiment 1 was 80%, it was possible that a small component of the apparent CCW rotation of the test grating may have resulted from the action of a low contrast first-order (distortion product) contour at the same orientation as the second-order component of the plaid oriented 15°CW. If the orientation repulsion that was observed at high contrast resulted from a first-order artefact introduced by distortion products, then it should be possible to modulate the magnitude of this effect by introducing stimulus manipulations known to disrupt interactions between first-order contours.
Orientation repulsion illusions obtained using first-order grating stimuli are known to decrease when a spatial gap is introduced between the inducing and test gratings (Carpenter & Blakemore, 1973; Tolhurst & Thompson, 1975; Wenderoth & Johnstone, 1988 ). This effect is considered to be consistent with a decrease in strength of lateral inhibitory interactions between oriented filters encoding the orientation of the test and inducing gratings. Therefore, any interaction between the first-order test grating and potential first-order artefacts introduced by distortion products in the inducing plaid should similarly be decreased by spatial separation between the test grating and inducing plaid. However, Wenderoth et al (1989a) demonstrated exactly the opposite effect; when a high contrast inducing plaid with component gratings oriented at − 30 and + 60°was separated from a first-order test grating by a 1°gap, the apparent repulsion of the test grating away from the component of the plaid oriented at + 15°actually increased. This result appears to be inconsistent with the effect of a first-order distortion product artefact on the perceived orientation of the test grating. Experiment 2 addresses this hypothesis in more detail.
Experiment 2
Experiment 2 was designed to determine whether the apparent repulsion of the test grating away from the contour of the plaid oriented at + 15°in Experiment 1 was a result of first-order artefacts introduced by distortion products. By introducing a spatial separation between the inducing plaid and test grating, any potential effect of a first-order component introduced by distortion products should be removed, revealing an interaction between the second-order component of the plaid oriented at + 15°and the first-order test grating. The increase in the magnitude of this repulsion effect observed by Wenderoth et al. (1989a) when a gap separated the test grating and inducing plaid suggests that a first-order artefact explanation is unlikely.
In addition to investigating the effect of spatial separation on the plaid induced tilt illusion, Experiment 2 was designed to examine another difference between the data obtained in Experiment 1 and previous research. The results from Experiment 1 differ from those of Wenderoth et al. (1989a) in that was observed a larger and more robust apparent rotation away from the component of the plaid oriented at +15°than the small, non-significant effect they reported when test and inducing stimuli directly abutted. Given that the width of the inducing annulus used in Experiment 1 (2.5°) was more than double that used by Wenderoth et al., (1989a) (1°) , a possible explanation for this difference could be the difference in inducing annulus widths of the two experiments. Experiment 2 was therefore also in part designed to test the hypothesis that an increasing inducing annulus width leads to an increase in the tilt illusion induced by the component of the plaid oriented at + 15°.
Methods
Subjects
A new group of 15 subjects was drawn from the same population as those used in Experiment 1.
Apparatus and stimuli
These were as for Experiment 1 except that the contrasts of the inducing plaid and vertical test grating were set at 80% (plaid component gratings at 40%). With subjects seated 1.14 m away from the computer monitor, inducing annulus widths of 1, 2 and 3°each surrounded a 1°diameter test grating of the same spatial frequency as the component gratings of the inducing plaid. A second independent variable was manipulated whereby the inducing and test fields either abutted or were separated by a 1°gap. In the case of the 1°gap and 3°i nducing annulus width condition, the outside diameter of the inducing annulus was 9°, larger than the 8°mask used in Experiment 1. A new black cardboard mask in which a 10°-diameter hole had been cut was therefore used in Experiment 2.
Procedure
The experimental procedure for this experiment was identical to that of Experiment 1 except that each subject completed all six conditions (two levels of gap× three inducing annulus widths) in random order. During any single experimental staircase the gap condition and annulus width value of the inducing field remained fixed. The order of presentation of the different combinations of gap and inducing width was randomised for each subject and pretest staircases again always preceded test staircases.
Results
The mean illusions and standard errors for Experiment 2 are shown in Fig. 5 . In the abutting condition (filled circles) where there was no spatial separation between the test grating and a narrow (1°) inducing plaid, there was no effect on the perceived orientation of the test grating (− 0.01°90.23°). This result is similar to the one reported by Wenderoth et al. (1989a) . However, when a 1°g ap separated the test grating and inducing plaid, a repulsion of the test grating away from the component of the plaid oriented at + 15°was observed (0.75°9 0.22°). Using an inducing annulus width of 3°, a robust tilt illusion (1.54°9 0.37°) was obtained when test and inducing stimuli directly abutted. This effect was reduced by the introduction of a 1°separation between the test and inducing stimuli (0.72°9 0.22°). When the inducing annulus was 2°wide, there was very little difference between the abutting (0.86°9 0.26°) and gap (0.72°9 0.28°) conditions. Multivariate analysis of the repeated measures data revealed significant linear trend across the levels of annulus width for the abutting (F 1,14 = 16.67, PB 0.05; MSE= 1.09) but not the gap condition (open circles) with mean gap condition illusions of 0.75°9 0.22°, 0.72°90.28°and 0.72°9 0.22°for the 1, 2 and 3°i nducing annulus widths, respectively. Further simple effects analysis of the interaction between the gap and annulus width conditions revealed a significant difference between the gap and abut conditions for the 1°(F 1,14 = 8.89, PB 0.05, MSE= 0.49) and 3°(F 1,14 = 9.29, PB 0.05, MSE= 0.54) annulus widths but not for the 2°wide annulus.
Discussion
The orientation repulsion observed when a gap separated the test grating from a 1°wide inducing annulus suggests that the illusion was observed at high contrast in Experiment 1 is unlikely to result only from the action of a first-order artefact oriented at + 15°. The results from Experiment 2 show that a robust illusion remains when a gap is introduced between the test and inducing stimuli. An earlier analysis of the orientation components of a plaid suggests that the second-order component of the plaid oriented at + 15°may be capable of inducing an apparent tilt of a vertical firstorder test grating. This residual illusion, however, is resistant to at least one stimulus manipulation known to increase orientation repulsion between first-order contours, namely increasing inducing annulus width.
Although the data from Experiment 2 suggest that the second-order structure of the inducing plaid may act on the perceived orientation of the first-order test, an alternative possibility can be considered. Wenderoth et al. (1989a) and Wenderoth, van der Zwan, and Williams (1993) suggest that the residual illusion may reflect the effect that the axes of symmetry which bisect the orthogonal components of the inducing plaid have in determining test field orientation. It is possible that the residual tilt illusion observed when potential firstorder (distortion product) artefacts are removed may instead reflect the action of global orientation processing mechanisms that are capable of extracting the axes of symmetry collinear with the second-order components of the inducing plaid oriented at + 15°and − 75°. There is at least some evidence (Li & Westheimer, 1997 ) that the human visual system is capable of discriminating the orientation of an axis of symmetry as well as it does an explicitly defined line. If the results obtained in Experiment 2 can be considered to reflect the operation of 'cue invariant' orientation processing mechanisms, it is possible that axes of symmetry or the second-order components of the inducing plaid may interact with the first-order test to produce the observed effects.
The results of Experiment 2 suggest that at some level of the visual system, the orientation of the first-order test and second-order components or axes of symmetry of the inducing plaid may interact in some way. Furthermore, these interactions appear to be resistant to the sorts of stimulus manipulations that affect interactions between first-order contours such as changes in inducing annulus width. Experiment 3 was designed to address this hypothesis further by introducing another stimulus manipulation known to affect the interaction between first-order contours.
Experiment 3
If interactions between potential first-order artefacts in a plaid inducing stimulus and a first-order test grating are removed, the results of Experiments 2 suggest that the apparent orientation of a vertical test grating may either reflect the action of the second-order component of the inducing plaid or an axis of symmetry oriented at + 15°. These results suggest that there may exist a level of orientation processing in the visual system that remains independent of contour type. There exists at least some neurophysiological evidence (Albright, 1992; Zhou & Baker, 1993; Mareschal & Baker, 1998a; Marescahl & Baker, 1998b ) that neurons exist in cat and monkey visual cortex that are capable of responding to the boundaries of specific orientations in a 'cue invariant' fashion. Furthermore, the results of Experiment 2 demonstrate that the kinds of stimulus manipulations thought to modulate the interaction between first-order contours do not so affect interactions between the mechanisms that encode contours of different types. The aim of Experiment 3 was to extend this hypothesis by examining the effect of another stimulus manipulation known to modulate the magnitude of tilt illusions induced by first-order grating stimuli. Ware and Mitchell (1974) and Wenderoth and Johnstone (1988) have shown that when the spatial frequency of a tilted inducing grating differs by more than an octave from that of the test grating, then the magnitude of the tilt illusion is significantly diminished. These results are consistent with the channel based view of orientation coding where local filters are thought to be tightly tuned for orientation, spatial frequency and location.
Experiment 3 provides further evidence that when interactions between the first-order components (real or artefactual) of a plaid inducing stimulus and a first-order test stimulus are removed, the residual illusion results from an interaction between different contour types. First-order interactions will be removed by introducing spatial frequency differences between the component gratings of the plaid inducing field and the vertical test grating. These spatial frequency differences should reduce the lateral inhibitory interactions amongst populations of orientation selective neurons responsive to first-order contours. Any resulting tilt illusion should reflect the operation of orientation processing mechanisms that are both cue invariant and resistant to other manipulations that alter the spatial configuration of the test and inducing fields. These spatial frequency effects were tested at both low contrast (5%) and high contrast (80%), which in Experiment 1 were shown to maximise the contribution of the first-order component of the plaid at − 30°and the (artefactual) first-order component at + 15°, respectively. Thus, when spatial frequencies of the test and inducing stimuli are the same, directionally opposite TIs should occur with low and high contrast stimuli; when the spatial frequencies are different, identical positive effects should occur, regardless of the test and inducing contrast. tial frequency and contrast variables (F 1,15 = 24.8, PB 0.0005, MSE= 1.008). These results reveal that when the component gratings of the inducing plaid and the test grating are the same spatial frequency (closed circles), the stimuli are like those in Experiment 1 where low and high contrast stimuli produced orientation illusions due to the − 30°first-order and + 15°artefac-tual first-order components of the plaid, respectively. When spatial frequencies of the test grating and component gratings of the plaid were different, however (open squares), the illusions obtained appeared to be independent from the contrast of the test and inducing stimuli. In this case the orientation illusion that appears to result from an interaction between either the second-order component or the axis of symmetry of the plaid oriented at +15°and the first-order test grating. These results are consistent with an analysis of orientation by the visual system which is both form/cue-invariant and resistant to manipulations of spatial modulations of the inducing and test stimuli such as spatial frequency differences between the inducing and test stimuli.
General discussion
The three experiments that have been presented here support the notion that a plaid stimulus, with first-order component gratings at − 30 and + 60°, can induce a perceived rotation of a vertical test grating that is due to the combined effect of both the first-order components and either the second-order component or the axis of symmetry of the plaid oriented at + 15°. Experiment 1 (Fig. 4) demonstrated that when contrast of the component gratings of the inducing plaid were sufficiently low, the orientation illusion observed appeared to be due to the first-order component grating of the inducing plaid oriented at − 30°. These results replicates the effects observed by Georgeson (1998) although were smaller than the effects he reported. The small size of the illusion due to the −30°component that was reported may be due to a number of differences between this study and Georgeson's (1998) . First, the presentation duration used in this study was much longer (500 ms) than that used by Georgeson (100 ms), a factor known to affect the size of tilt illusions using first-order inducing gratings (Wenderoth & Johnstone, 1988) . Second, the component gratings of the masking plaid used by Georgeson (1998) were the same contrast as the test grating, whereas the contrast of the plaid component gratings used in this study were always half that of the test grating. Recently it has been shown (Smith & Wenderoth, 1999) that the tilt illusion induced by a first-order grating is dependent on the relative contrast of the inducing and test gratings. Smaller illusions occur if the contrast of the inducing grating is less than that of the test. One is therefore
Methods
Subjects
A new group of 16 subjects was drawn from the same population as those used in Experiments 1 and 2.
Apparatus and stimuli
These were as for Experiment 1 and 2 except that the peak contrast of the inducing plaid and the contrast of the inducing grating were either set at 5 or 80%. Combined with the levels of the first independent variable (contrast), a second variable was used where spatial frequency of the component sinewave gratings of the inducing plaid were either the same (4 /°) or two octaves lower (1 /°) than that of the sinewave test grating. The test field diameter was maintained at 1°w hile the surrounding inducing annulus was 3°wide. The 3°wide inducing annulus was used to maximise the size of the illusion due to the component of the inducing plaid oriented at + 15°.
Procedure
The experimental procedure for this experiment was identical to that of Experiment 1 and 2 except that each subject completed all four conditions (two contrast levels × two inducing annulus widths) in random order.
Results and discussion
The mean illusions for Experiment 3 are shown in Fig. 6 . Multivariate analysis for the repeated measures data revealed a significant interaction between the spa-confident that the orientation illusion observed at low contrast reflects the predominant effect of the first-order component of the inducing plaid on the vertical test grating.
When the peak contrast of the inducing plaid was high, the resulting illusion appeared to be consistent with the action on the vertical test grating of the second-order component of the plaid oriented at +15°. The systematic increase in magnitude of this illusion when the contrast of the test and inducing stimuli were concomitantly increased suggests an escalating predominance of this second-order component effect over the effect of the first-order component oriented at −30°. However, an alternative account considered that the orientation illusion observed at high contrast was in fact due to the effect of a first-order artefact introduced by distortion products.
The results from Experiments 2 and 3 demonstrated however that when the spatial configuration of the stimulus was varied to reduce or eliminate any potential effect of a first-order artefact oriented at + 15°, a residual orientation illusion remained consistent either with the action of the second-order component or axis of symmetry of the inducing plaid oriented at + 15°. This residual effect was independent of inducing annulus width when a gap was introduced between the inducing and test fields (Fig. 5) and was also independent of stimulus contrast when spatial frequency differences between the inducing and test stimuli (Fig. 6 ). These data show that when the effect of the first-order artefact was removed, an interaction between the firstorder test and second-order contours or axes of symmetry of the inducing plaid can be revealed. This interaction suggests that there may be a level of representation of orientation in the visual system that is both form/cue invariant and resistant to manipulations of lateral inhibition between oriented filters. The nature and location of this have yet to be elucidated but and they may arise in higher cortical areas where orientation information from a wide variety of stimuli converge (e.g. Gegenfurtner, Kiper, & Levitt, 1997) .
If a plaid inducing stimulus contains second-order components that are able to act like real first-order contours on the perceived orientation of a first-order test grating, then the nature of the encoding of these second-order components requires explanation. One possibility for the neural mechanisms required is suggested by the work of von der Heydt, Peterhans, and Baumgartner (1984) who reported the existence of neurons in V2 that signal the orientation of one class of second-order contour namely, subjective contours. These second-order stimuli, which do not contain Fourier energy along the orientation of the perceived edge, fail to stimulate orientation selective neurons in striate cortex yet are capable of inducing tilt illusion effects similar to those produced by first-order gratings (van der Zwan & Wenderoth, 1995) . Using gaps between subjective contour inducing and test field stimuli of the sort explored by von der Heydt and Peterhans (1989) , van der Zwan and Wenderoth (1995) reported a reduction in the magnitude of the subjective contour tilt illusion. This effect, similar to that obtained with real first-order contours, was attributed to the same sorts of lateral inhibitory interactions in the orientation domain that affect first-order contours. Although the neurons reported by von der Heydt and Peterhans (1989), might not be those that signal the orientation of the secondorder components of a plaid, they provide some evidence that such extrastriate mechanisms could exist.
It is possible that any mechanism that extracts the second-order contour information available in a plaid may be of the sort proposed in the model of Wilson, Ferrera, and Yo (1992) . Their model, derived from the motion pathway model described by Chubb and Sperling (1988) , specifies a single filtering stage Fourier pathway which extracts first-order contours, combined with a parallel, non-Fourier pathway containing two linear filtering stages separated by a nonlinear rectification process. The first of these two linear filters is proposed to be similar to the filters in the Fourier pathway and physiologically like the receptive fields of simple cells in striate cortex, while the remaining processing sequence is likely to occur in V2. Lin and Wilson (1996) cite the results of von der Heydt and Peterhans (1989) as evidence for non-Fourier mechanisms which respond to the location and orientation of texture boundaries, but not to the properties of the texture elements themselves.
An interesting feature of multi-stage models such as this is that they require extra time for the processes of rectification and second-stage filtering to be completed. Lin and Wilson (1996) provide evidence that orientation discrimination thresholds of non-Fourier patterns are markedly degraded at short presentations, suggesting that processing of non-Fourier stimuli require extra time for completion. Some recently psychophysical evidence from Smith and Ledgeway (1998) has also shown that the orientation detection threshold for contrast modulated dynamic noise sinusoids is significantly poorer at higher rather than lower temporal frequencies. Furthermore, Marescahl and Baker (1998b) have reported that the temporal responses of neurons in cat area 18 that respond to contrast modulated envelopes were systematically slower when tested with envelope (second-order) stimuli than with luminance (first-order) gratings. These data suggest that the temporal resolution of the second-order system may be markedly worse than that of the first-order system. If this is the case, an explanation for the failure of effects due to the second-order component of an inducing plaid to emerge at fast presentation duration (Wenderoth et al., 1989a; Georgeson, 1998 ) is suggested. Fast presentation times prevent the complete extraction of the second-order components of the inducing plaid, leaving the predominant action of the first order-component gratings of the plaid to determine test-grating orientation. The effect of second-order contours on first-order contours may only arise at sufficiently long presentation durations, perhaps much longer than those employed by Georgeson. In addition, mechanisms that extract second-order orientation information are more likely to rely on high contrast information than those that extract first-order contours.
The data presented here suggests that the second-order structure of a plaid may be capable of inducing a standard orientation illusion on a vertical first-order test grating. In addition, the axes of symmetry that bisect the orthogonal first-order components of the plaid may also contribute to determining the perceived orientation of a central test grating. As the axes of symmetry are collinear with the second-order components of the inducing plaid, it is difficult to disambiguate their relative effects in determining the 2-D tilt illusion. To resolve this issue one is currently addressing the hypothesis that the interaction between first-and second-order contours may remain independent of inducing annulus width (Experiment 2). Rather than employ plaid inducing stimuli, however, one is examining the interaction between first-and second-order contours using dynamic luminance and contrast modulated noise stimuli.
